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The mitotic chromosome number, meiotic behavior and sporogenesis, allozyme variation, chloro- 
plast DNA type, and morphological characteristics of two putative hybrids and their putative parents of 
Athyrium in Yakushima Island, southwestern Japan, were studied. Athyrium xflavosorum is a sterile 
hypotetraploid (2 n = 159), and its putative parents A. arisanense and A. subrigescens are a sexually repro¬ 
ductive hypotetraploid (2 n - 158) and a sexual tetraploid (2 n = 160), respectively. Allozyme and mor¬ 
phological analyses showed that, A xflavosorum displayed intermediate characteristics between A. arisa¬ 
nense and A. subrigescens. The chloroplast DNA analysis showed that, A. arisanense and A. xflavoso¬ 
rum had the same SSCP-PCR banding pattern. Athyrium xpurpurascens is a sterile tetraploid (2 n = 160), 
and its putative parents, A. subrigescens and A. kuratae, are sexually reproductive tetraploids (2 n = 160). 
Allozyme and morphological analyses revealed that A xpurpurascens was an intermediate between A. 
subrigescens and A. kuratae ; the chloroplast DNA of A. xpurpurascens was the same as that of A. 
kuratae. These data did not contradict the hypothesis that A. xflavosorum originated from a hybridiza¬ 
tion between A. arisanense and A. subrigescens, whereas A. xpurpurascens originate from a hybridiza¬ 
tion between A. kuratae and A. subrigescens. 
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The genus Athyrium includes about 200 taxa dis¬ 
tributed worldwide, and the center of species diver¬ 
sity is probably a temperate region in eastern Asia 
(Iwatsuki 1992). In Japan, 109 Athyrium taxa, 
including 74 putative hybrids, are known, mainly in 
the southwestern part (Kurata & Nakaike 1990, 
1994, Iwatsuki 1992). These putative hybrids have 
hereto been recognized only base on their morpho¬ 
logical characteristics, and there have been no cyto¬ 
logical and genetic studies conducted on Athyrium 
to date, with the exception of a single paper con¬ 
cerning the meiotic chromosomes of five putative 


hybrids of Athyrium (Hirabayashi 1970). 

Yakushima Island, located in the southwestern 
part of Japan (30°N, 131°E), has an area of 503 
km 2 . To date, 44 Athyrium taxa (20 species includ¬ 
ing five endemics, one variety, seven forms, and 
16 putative hybrids including 12 endemics) have 
been recorded in Yakushima Island (Hatusima 
2004), which is the area richest in Athyrium in 
Japan; therefore it is a suitable site for the study of 
Athyrium. In recent years, many Athyrium taxa 
recorded in Yakushima Island have become extinct, 
making it necessary to conduct an immediate taxo- 
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Table 1. Materials of Athyrium plants used for this study. 

Population Code No. 

Taxon and Locality 3 
A. arisanense (Hayata) Tagawa 

1. Mt. Mochomu-dake, Yaku-cho, Kumage-gun, Kagoshima Pref. 

A. subrigescens (Hayata) Hayata ex H. Ito 

1. Mt. Mochomu-dake, Yaku-cho, Kumage-gun, Kagoshima Pref. 

2. Yakusugi Land, Yaku-cho, Kumage-gun, Kagoshima Pref. 

3. Mt. Aiko-dake, Kamiyaku-cho, Kumage-gun, Kagoshima Pref. 

4. Shiratani-unsuikyou, Kamiyaku-cho, Kumage-gun, Kagoshima Pref. 

5. Kotsuru, Itsuki-mura, Kuma-gun, Kumamoto Pref. 

A. kuratae Seriz. 

6. Okujyusou-keikoku, Ookuchi City, Kagoshima Pref. 

7. Mt. Tetsu-yama, Ebino City, Miyazaki Pref. 

5. Kotsuru, Itsuki-mura, Kuma-gun, Kumamoto Pref. 

8. Ookawa, Minamata City, Kumamoto Pref. 

9. Imamura, Yamae-mura, Kuma-gun, Kumamoto Pref. 

10. Yuzukimotomura, Maetsue-mura, Hita-gun, Ooita Pref. 

11. Nogouchi-keikoku, Sawara-ku, Fukuoka City, Fukuoka Pref. 

12. Gosyo-dani, Nakagawa-cho, Tsukushi-gun, Fukuoka Pref. 

13 Mt. Kishi-dake, Aichi-cho, Higashimastuura-gun, Saga Pref. 

A. 'xfiavosorum Seriz. 

1. Mt. Mochomu-dake, Yaku-cho, Kumage-gun, Kagoshima Pref. 

A. xpurpurascens (Tagawa) Kurata 

2. Yakusugi Land, Yaku-cho, Kumage-gun, Kagoshima Pref. 

a Populations of code number 1-4 are at Yakushima Island. 


Voucher (T Sc T#) 


409, 410, 412, 414-417, 457-469 & 470 

411, 413, 473-475 & 476 

397, 646 Sc 647 

642 

400-403 Sc 406 

138,139, 421-436 Sc 437 

606 

118 Sc 119 
140 Sc 141 

38, 215, 217, 218, 221, 222, 224 8c 392 

584 

125 

167,168 8c 169 

104 

634 

418 Sc 419 
394 


nomic study. We have investigated Yakushima Island 
many times since 2002, but until now we have been 
able to discover only five Athyrium: A. arisanense 
(Hayata) Tagawa, A. nakanoi Makino, A. sub¬ 
rigescens (Hayata) Hayata ex H. Ito, A. xfiavosorum 
Seriz., and A. xpurpurascens (Tagawa) Sa. Kurata. 
Because A. nakanoi is morphologically very dif¬ 
ferent from the other Athyrium taxa (Kurata 1961, 
Kato 1977), A. nakanoi was not included in our 
present study. 

We studied two putative hybrids of Athyrium 
and their putative parents in Yakushima Island and 
Kyushu, southwestern Japan. Athyrium xfiavosorum 
was described as a natural hybrid between A. arisa¬ 
nense and A. subrigescens, and A. xpurpurascens 
was described as a natural hybrid between A. 
kuratae Seriz. and A. subrigescens. Athyrium x 
flavosorum is endemic to Yakushima Island, and 
A. arisanense occurs only in Taiwan and in 
Yakushima Island. In this article, we present our 


study of the mitotic chromosome number, meiotic 
behavior, allozyme variation, chloroplast DNA type, 
and morphological characteristics of five Athyrium 
taxa (two putative hybrids and three parent species), 
and demonstrate the hybridity of A. subrigescens, 
and A. xpurpurascens. 

Materials and Methods 

Plant materials 

A total of 78 individual plants representing five 
Japanese Athyrium taxa; A. arisanense (21 plants), 
A. subrigescens (34), A. kuratae (20), A. xfiavoso¬ 
rum (2), and A. xpurpurascens (1) were examined. 
The plant names, localities, population code num¬ 
bers, and vouchers are given in Table 1. The vouch¬ 
er numbers are Terada & Takamiya’s collection 
numbers and are abbreviated as‘T&T #”. Voucher 
specimens were deposited in the herbarium of 
Kumamoto University (KUMA). At Mt. Mochomu- 
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dake (population 1 ), A. arisanense, A. subrigescens, 
and A. xflavosorum grew side by side in the same 
population. In Yakusugi Land (population 2), A. 
subrigescens intermingled with A. xpurpurascens. 
The identification of the specimens followed the 
procedure of Kato (1995). 

Cytological and reproductive analysis 
One to five plants were examined for each taxon. 
Live study materials were maintained in cultiva¬ 
tion in the Botanical Garden, Faculty of Science, 
Kumamoto University. For the observation of mitot¬ 
ic and meiotic chromosomes, the techniques 
described in Takamiya (1993) were employed. For 
the examination of mitotic chromosomes, root tips 
were pretreated with 0.002 M 8-hydroxyquinoline 
for 6 h at approximately 20°C. After fixation in 
45% acetic acid at about 4°C for 15 min, the root 
tips were hydrolyzed in 1 N HC1 at 60°C for 15 sec 
and then squashed in 2% aceto-orcein. For the 
examination of meiotic chromosomes and sporo- 
genesis, young sporangia were fixed with modified 
Camoy’s solution (absolute ethanol : acetic acid : 
chloroform = 2 : 1 : 1) overnight at approximately 
4°C, refixed with acetic alcohol (absolute ethanol: 
acetic acid = 3 : 1) at approximately 4°C for 1 h, and 
then squashed in 2% aceto-orcein. 

Allozyme analysis 

The genetic structures of the plants were analyzed 
based on allozyme polymorphisms. Except for 
Athyrium kuratae T&T 104, all plants sampled for 
this study were used in the allozyme analysis (77 
plants examined in total). Fresh leaves were ground 
in cold extraction buffer, as described by Murakami 
et al. (1999), and the enzymes were resolved on 
7.5% polyacrylamide gels, following the proce¬ 
dures of Shiraishi (1988). Aspartate amino trans¬ 
ferase (AAT, E. C. 2. 6.1. 1), Hexokinase (HK, E. C. 
2. 7. 1. 1), Isocitrate dehydrogenase (IDH, EC 
1.1.1.42), Phosphoglucoisomerase (PGM, EC 
2.7.5.1), and Triose-phosphate isomerase (TPI, EC 


97 

5.3.1.1) were analyzed following the procedure of 
Shiraishi (1988). 

PCR-SSCP analysis of chloroplast DNA 
The chloroplast DNAs were analyzed based on sin¬ 
gle-strand conformation polymorphisms (SSCP) 
following the procedures of Watano et al. (1995). 
Except for Imamura (population 9), one to six plants 
collected from each population were used for the 
PCR-SSCP (29 plants examined in total). Total 
DNA was extracted from dry leaves by the CTAB 
isolation method (Doyle & Doyle 1987). 
Amplifications of the intergenic spacer region 
between psbC-trnS (UGA) of the cpDNA were car¬ 
ried out following the procedure of Nishizawa & 
Watano (2000). The following cycling profile was 
used: initial 3 min denaturation at 95°C, followed by 
30 cycles at 94°C for 1 min, at 55°C for 1 min, 
and at 72°C for 1 min, and a final extension at 72°C 
for 10 min. The PCR products were denatured at 
94°C for 3 min, and electrophoresed in 10% poly¬ 
acrylamide gel at approximately 10°C for 6 h in 
350 V, followed by silver staining (Watano et al. 
1995). 

Morphological analysis 

Several qualitative morphological characters of the 
pinna segments were compared across the five taxa, 
using the voucher specimens. 

Results 

Chromosomes and reproduction 
The results are summarized in Table 2. 

The mitotic chromosome number of two 
Athyrium arisanense plants collected from Mt. 
Mochomu-dake was determined to be 2 n = 158 
(Fig. 1A). For four A. subrigescens plants collected 
from three populations, five A. kuratae plants from 
five populations, and one A. xpurpurascens plant 
from Yakusugi Land, the mitotic chromosome num¬ 
bers was found to be 2n = 160 (Figs. IB, 1C & 
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Table 2. Number of chromosomes and shape of spores. 


Taxon and Population 
Code No. (see Table 1) 

Voucher 

(r&r#) 

Chromosome 

number 

2n n 

Spore b 

A. arisanense 

Population 1 

409 & 416 

158 

- 

N 


417 

cl 58 

- 

- 

A. subrigescens 

Population 1 

411 

160 

- 

- 

Population 4 

400 

160 

- 

- 

Population 5 

138 

160 

8011 

N 


139 

160 

- 

N 

A. kuratae 

Population 5 

141 

160 

- 

- 

Population 6 

606 

cl60 

- 

- 

Population 8 

38 

160 

8011 

N 

Population 11 

167 

160 

- 

- 

Population 12 

104 

160 

- 

- 

A. /flavosorum 

Population 1 

418 

159 

- 

Ab 


419 

159 

Irr a 

Ab 

A. x purpurascens 

Population 2 

394 

160 

Irr a 

Ab 


a Irr = Irregular meiosis. 

N = normally shaped spores. Ab = abnormally shaped spores. 


ID). For two A. /flavosorum plants collected from 
Mt. Mochomu-dake, the mitotic chromosome num¬ 
ber was determined to be 2n = 159 (Fig. IE). 

At the first meiotic metaphase, 80 bivalents 
were observed in Athyrium subrigescens and A. 
kuratae ; subsequent meiotic behavior was normal, 
and finally 64 normally shaped spores were pro¬ 
duced per sporangium (Figs. 3A & 3B). In A. arisa- 
nense, 64 normally shaped spores were produced per 
sporangium (Fig. 3E). The meiotic behaviors of A. 
/flavosorum and A. x purpurascens were irregu¬ 
lar, sporogenesis was irregular, and ultimately 16 to 
approximately 70 abnormally shaped spores were 
produced per sporangium (Figs. 3C, 3D & 3F). 

Allozyme variations 

Using five enzyme systems, seven loci, Aat, Pgm-1, 
Pgm-2, Idh, Hk, Tpi-1 , and Tpi-2, were interpreted 
in the five Athyrium taxa. The locus Pgm-2 showed 
no variation throughout the materials examined. 


Two alleles (a & b ) were observed at Pgm-2 and 
Idh. Three alleles ( a-c ) were observed at Pgm-1, 
Tpi-1, and Tpi-2 (Fig. 5). Four ( a-d ) and five alleles 
(a-e) were observed at Aat and Hk, respectively 
(Fig. 5). 

Based on the combination of genotypes at two 
polymorphic loci, Aat and Tpi-2, seven multi-locus 
genotypes were recognized in 21 Athyrium arisa- 
nense plants from one population. Concerning the 
two polymorphic loci, Aat and Pgm-1, four multi¬ 
locus genotypes were recognized in 19 ^4. kuratae 
plants from eight populations. There were no 
allozyme variations in 34 A. subrigescens plants 
from five populations and two A. x flavosorum 
plants from one population (Table 3). 

PCR-SSCP analysis of chloroplast DNA 
Three types of banding patterns were observed for 
the five Athyrium taxa, and the patterns were named 
type I, II, and III (Fig. 6). There were no intraspe¬ 
cific variations in the banding patterns of A. arisa- 
nense, A. subrigescens, and A. kuratae. The banding 
patterns of six A. arisanense plants collected from 
one population, ten A. subrigescens plants from 
five populations, and ten A. kuratae plants from 
eight populations were recognized as type I, type II, 
and type III, respectively. Two A. x flavosorum 
plants collected from one population and one A. x 
purpurascens plant displayed a type I and a type III 
banding pattern, respectively (Table 3). 

Morphological characteristics of the pinna seg¬ 
ments 

The pinna segments of Athyrium arisanense were 
serrate at the margin and were decurrent to narrow 
costal wings (Figs. 7A & 7B). Athyrium sub¬ 
rigescens had fully pinnate pinnae, obvious pin¬ 
nules with short stalks, and a serrate to dentate 
margin (Figs. 7E & 7F). The pinna segments of A. 
kuratae were entire at the margin and were decurrent 
to costae (Figs. 71 & 7J). The morphological char¬ 
acteristics of the pinna segments of A. x flavosorum 
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Table 3. Summary of phenotypes of alleles at seven loci and types of chloroplast DNA. 

Locus 

Taxon - Type of DNA 



Aat 

Pgm-1 

Pgm-2 

Idh 

Hk 

Tpi-1 

Tpi-2 


A. arisanense 

abbb (l) a 
bbbb (5) 
bbcc (7) 
bbdd (8) 

bbcc (21) 

aabb (21) 

aabb (21) 

aabb (21) 

bbbb (21) 

accc (15) 
aacc (6) 

1(6) 

A. subrigescens 

bbbb (34) 

bbbb (34) 

aabb (34) 

aaaa (34) 

ccee (34) 

aacc (34) 

bbcc (34) 

II (10) 

A. kuratae 

aabb (12) 
abbb (5) 
bbbb (2) 

bbbb (18) 
aabb (1) 

aabb (19) 

aaaa (19) 

bbdd(\9) 

bbbb (19) 

cccc (19) 

111(10) 

A. xflavosorum 

bbbc (2) 

bbbc (2) 

aabb (2) 

aaab (2) 

abc.e (2) 

abbc (2) 

abcc (2) 

1(2) 

A. xpurpurascens 

abbb (1) 

bbbb (1) 

aabb (1) 

aaaa (1) 

bcde (1) 

abbc (1) 

bccc (1) 

HI (1) 


a () = number of plant 


and A. xpurpurascens were intermediate between 
those of A. arisanense and A. subrigescens (Figs. 7C 
& 7D) and between those of A. kurntae and A. sub¬ 
rigescens (Figs. 7G & 7H), respectively. 

Discussion 

Cytology 

The chromosome numbers for Athyrium arisanense 
and A. kuratae have been known. Tsai & Shieh 
(1983) reported that the chromosome number tor A 
arisanense is n = 82, based on a plant collected 
from Tienchih in Taiwan; subsequently (1985), they 
determined 40 tetravalents at the meiotic metaphase 
in plants from the same place. Concerning their 
microphotograph of the meiotic chromosomes of A. 
arisanense (Fig. 66 in Tsai & Shieh 1983), we are 
able to count n = 40, not 82. There were no pho¬ 
tographs and/or drawings in the subsequent paper by 
Tsai & Shieh (1985). Thus, the chromosome num¬ 
ber for Taiwanese A. arisanense is uncertain, and a 
reexamination is required. Regardless of the accu¬ 
racy of the previously reported chromosome number 
for Taiwanese A. arisanense, our count of the mitot¬ 
ic chromosome number of 2 n = 158 is new for A. 
arisanense. Hirabayashi (1970) determined the 
chromosome number for A. kuratae is n- 80, based 
on a plant collected from Kusenbu, Saga Prefecture. 


The mitotic chromosome number of 2 n = 160, 
determined based on five A. kuratae plants, confirms 
Hirabayashi’s result. The chromosome numbers for 
A. subrigescense, A. /fiavosorum, and A. xpur¬ 
purascens are reported here for the first time. 

The basic chromosome numbers for genus 
Athyrium have been reported as x = 40 or x = 41 
(Chiarugi 1960, Fabbri 1963, 1965, L5ve et al. 
1977, Goldblatt 1981, 1984, 1985, 1988, Goldblatt 
& Johnson 1990, 1991, 1994, 1996, 1998, 2000, 
2003). Because most species withx = 41 belonging 
to the genus Athyrium have been moved to the 
genus Diplazium, a sister clade of Athyrium, as a 
result of a molecular phylogenetic study (Sano et al. 
2000), x = 40 is the commonly accepted basic chro¬ 
mosome number for Athyrium, with the exception of 
three species which have x = 41 (Bhavanandan 
1968, Srivastava 1985, Bhavanandan & Ammal 
1991). Nakato (1988) detennined that A. nikkoense 
Makino has chromosome number of 2n = 78, and 
this is the only report of aneuploidy from x = 40 to 
x = 39. Because A. subrigescens and A. kuratae 
were found to have 2 n — 160 and 80 bivalents at 
metaphase I and displayed normal sporogenesis, 
they are assumed to be sexually reproductive 
tetraploids based on x = 40. The mitotic chromo¬ 
some number of 2n — 158 for A. arisanense is new 
for the genus Athyrium, and should be the result of 
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aneuploidy from 2 n = 160. Since A. arisanense 
produces normally shaped spores, it is a sexually 
reproductive hypotetraploid. The putative hybrids of 
A. xflavosorum (2 n = 159) and A. xpurpurascens 
(2 n = 160) displayed irregularities throughout meio- 
sis and sporogenesis. Thus, A. xflavosorum is a 


sterile hypotetraploid and A. xpurpurascens is a 
sterile tetraploid. 

According to Kurata (1961, 1965, 1969) and 
Serizawa (1970, 1985), the five taxa examined in 
this study belong to the Athyrium otophorum group 
which includes 23 Japanese taxa (nine species, one 


Fig. 1. Mitotic metaphase chromosomes of Athyrium plants. A, A. arisanense, 2n =158 ( T&T 409 ); B, A. subrigescens, 2 n = 160 (T&T 
411); C, A. kuratae, 2n = 160 (T&T 38); D, A. xpurpurascens, 2n = 160 ( T&T394); E, A. xflavosorum, 2n = 159 (T&T 418). Bar 
= 10pm. 
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Fig. 2. Explanatory drawings. Figs. A, B, C, D, and E correspond to Figs. 1A, IB, 1C, ID, and IE, respectively. 


variety, two forms and eleven putative hybrids). 
Out of those 23 taxa, the chromosome numbers of 
twelve taxa have been reported in previous and pre¬ 
sent studies; eleven of them are tetraploids 
(Takamiya 1996), while one, A. oblitescens is an 
intraspecific polypoid with tetraploids and hexa- 
ploids (Kurihara et al. 1996). Thus, the species of 
the A. otophorum group seem to have evolved at the 


tetraploid level. 

Hybridity of Athyrium xflavosorum 
Athyrium xflavosorum was described as a natural 
hybrid between A arisanense and A. subrigescens 
(Serizawa 1985). No cytological data have been 
collected for this putative hybrid previously. The 
present cytological data show that A. xflavosorum is 
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Fig. 3. Meiotic chromosomes at metaphase I and spores of Athyrium plants. A, A. subrigescens, n = 8011 (T&T 138); B, A. kuratae, 
n = 8011 (T&T38); C, A. xfiavosorum, irregular, approximately 50II+60I (T&T418); D, A. xpurpurascens, irregular, approxi¬ 
mately 3011+1001 (T&T 394); E, normally shaped spores of A. arisanense [T&T 409); F, abnormally shaped spores of A. xfiavoso¬ 
rum (T&T 419). Bar = 10pm at Figs. A-D, and 100pm at Figs. E and F. 


a sterile hypotetraploid with 2 n = 159. Because the 
putative parents A. arisanense and A. subrigescens 
have 2 n= 158 and 2 n = 160, respectively, the hybrid 
origin of A. x fiavosorum was not contradicted cyto- 
logically. 

Our allozyme analysis showed that the multi¬ 
locus genotype of Athyrium xfiavosorum is Aaf bbc , 
Pgm-l hhbc , Pgm-2 aahb , Tdh aaab , Ht bc % Tpi-l ubb % and Tpi- 
2 abcc . Because the alleles a at HK and b at Tpi-2 are 
unique, species-specific alleles for A. arisanennse 


and A. subrigescens , respectively, the alleles HP 
must be inherited from A. arisanense and Tpi-2 h 
from A. subrigescens. The genotype of A. xfiavoso¬ 
rum can be created by adding a half set of the A. 
arisanense genotype (AaP, Pgm-l bc , Pgm-2 ab , Idh ah , 
Ht b , Tpi-l hh , and Tpi-2 ac ) to a half set of the A. sub¬ 
rigescens genotype (Aat bh , Pgm-l bb , Pgm-2 ab , Idh aa , 
Hk\ Tpi-l ac , and Tpi-2 bc ). Our morphological analy¬ 
sis also showed that A. xfiavosorum is an interme¬ 
diate between A. arisanense and A. subrigescens. 
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Fig. 4. Explanatory drawings. Figs. A and B correspond to Figs. 3A and Fig. 3B, respectively. 


Thus, the allozyme and morphological data did not 
contradict the hypothesis that A. xflavosorum orig¬ 
inated from a hybridization between A arisanense 
and A. subrigescens, either. Furthermore, our analy¬ 
sis of the chloroplast DNA showed that A. xflavoso¬ 
rum and A. arisanense have a common type I band¬ 
ing pattern, whereas A. subrigescens has a type II 
pattern. Because the chloroplast DNA of ferns is 
inherited maternally (Gastony & Yatskievych 1992), 
the mother species of the two A. xflavosorum indi¬ 
viduals examined in this study must be A. arisa¬ 
nense. 

Hybridity of Athyrium xpurpurascens 
Athyrium xpurpurascens was described as a natur¬ 
al hybrid between A. subrigescens and A. kuratae 
(Kurata 1965). No cytological data have been col¬ 
lected for this putative hybrid previously. Because 
the putative parents A subrigescens and A. kuratae, 
are sexual tetraploids (In = 160), the hybrid origin 
of A. xpurpurascens (a sterile tetraploid with 2 n = 
160) between these two taxa was not contradicted 
cytologically. 

The allozyme multi-locus genotype of Athy¬ 
rium xpurpurascens was shown to be Aaf bhb , Pgm- 
l bhhb , Pgm-2 aabb , Idh aaaa , Hk!'" 1 ' 1 , Tpi-l ahbc , and Tpi-2 bccc . 
Because the allele b at Tpi-2 is species-specific to A. 
subrigescens, as mentioned above, one of the parents 
of A. xpurpurascens must be A. subrigescens. In all 
of the A. subrigescens plants examined, the locus Hk 


displayed a fixed heterozygosity of bbdd. The alle¬ 
les at Hk of A. xpurpurascens were bcde, which 
means that the other parent of A. xpurpurascens 
must have both a c and an e allele at Hk. Because A. 
kuratae had a fixed heterozygosity of ccee at Hk, the 
other parent of A. xpurpurascens must be A. 
kuratae. Also the multi-locus genotype of A. xpur¬ 
purascens can be created by adding a half set of the 
A. subrigescens genotype (Aat bb , Pgm-l bb , Pgm-2 ab , 
Idh“ a , Hk ‘‘, Tpi-l ac , and Tpi-2 bc ) to a half set of the A. 
kuratae genotype (Aaf b , Pgm-l bh , Pgm-2 ah , Idh aa , 
Hid 11 , Tpi-l bb , and Tpi-2 CC ). Furthermore, several 
morphological characteristics of A. xpurpurascens 
were found to be intermediate between those of A. 
subrigescens and those of A. kuratae. Thus, the 
allozyme data and the morphological data did not 
contradict the hypothesis that A. xpurpurascens 
originated from a hybridization between A. sub¬ 
rigescens and A. kuratae, either. Because the chloro¬ 
plast DNA of A. xpurpurascens and A. kuratae 
displayed the same type III banding pattern, the 
mother species of the A. xpurpurascens individual 
examined in this study must be A. kuratae. 

Conservation of Athyrium arisanense as a threat¬ 
ened species 

To date, 44 taxa of Athyrium have been recorded in 
Yakushima Island. Nowadays, the numbers of indi¬ 
viduals and populations of many Athyrium species 
are drastically reduced, several species become 
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HK 1 2 3 4 5 



TPI 



Tni-1 —————— b 

Fig. 5. Schematic explanations for representative electrophoret¬ 
ic banding patterns of HK and TPI. Lanes 1, Athyrium 
arisanense (T&T 409); 2, A. xflavosorum (T&T 418); 3, A. 
subrigescens (T&T406); 4, A. xpurpurascens (T&T394); 5, 
A. kuratae (T&T 38). Anode = bottom of the drawings, 
cathode = top of the drawings. 

extinct, and 16 out of 20 species are listed as threat¬ 
ened species in the Red Data Book of Kagoshima 
Prefecture (2003). One of the proposed reasons for 
the decrease is the feeding pressure exerted by sika 
deer ( Cervus nippon yakushimae). The population 
densities of C. n. yakushimae in the lowland forest 
of the western part of Yakushima Island have been 
estimated at 43-70 and 51.5-63.8 head/km 2 
(Agetsuma et al. 2003, Tsujino & Yumoto 2004), 
which might be high enough to result in damage to 
the natural vegetation. 

Athyrium arisanense occurs in Taiwan and 
Yakushima Island, and is listed as endangered 
species IA and I in the Red Data Book of Japan 
(Environment Agency of Japan 2000) and that of 
Kagoshima Prefecture (Kagoshima Prefecture 
2003), respectively. In the present study, we found 
many A. arisanense plants growing at Mt. 
Mochomu-dake; they constitute the only known A. 
arisanense plant population in Japan. We found 
that A. arisanense has the unique chromosome 
number of 2 n = 158, and 21 of the plants examined 
displayed a large allozyme polymorphism. We need 
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Fig. 6. Representative PCR-SSCP banding patterns of inter- 
genic spacer region between psbC-trnS of cpDNA. Lanes 1 
and 2, Athyrium arisanense ( T&T 416, 417); 3 and 4, A. x 
flavosorum (T&T418, 419); 5, A. subrigescens (T&T 413); 
6, A. xpurpurascens (T&T 394); 7, A. kuratae (T&T 141). 
Lanes 1 -4 are Type I, 5 is Type II, and 6 and 7 are Type III. 
Anode = bottom of the photograph, cathode = top of the 
photograph. 

to conserve the A. arisanense plant population at Mt. 
Mochomu-dake, and prevent any further damage 
by sika deer. 
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